Background {#Sec1}
==========

The motor and sensory impairments that accompany injuries to the spinal cord are largely irreversible due to the inability of supraspinal neuronal populations, including the corticospinal (CST) and rubrospinal (RuST) tracts, to undergo a sustained regenerative response that can re-establish long distance connections \[[@CR1], [@CR2]\]. While supraspinal axons might show an initial local sprouting response immediately after injury, the expression of various inhibitory molecules in the vicinity of the lesion inhibits long distance regeneration \[[@CR3]\]. Some functional recovery can be observed, however, if the localized axonal regrowth can interact with different populations of spinal neurons \[[@CR4]\]. The propriospinal neuronal population, for example, has demonstrated robust regenerative and neuroplastic behaviors post-injury, which can be further enhanced using strategies such as peripheral nerve implants to create a favorable environment for repair \[[@CR5]--[@CR12]\].

Collectively, propriospinal (PS) neurons are a population of interneurons that interconnect different levels of the spinal cord. Unlike the CST and RuST neurons which originate in the cerebral cortex or brainstem and then project into the spinal gray matter, PS neurons both originate and terminate within the boundaries of the spinal cord \[[@CR13]\]. There are several populations of propriospinal neurons; the focus of this work was the short thoracic propriospinal (TPS), and the long descending propriospinal tract neurons (LDPT). Short thoracic PS neurons arise in the thoracic spinal cord and their axons ascend or descend one or two spinal levels. This PS population has an important role in controlling postural mechanisms and axial musculature. Long descending propriospinal tract neurons (LDPT) and long ascending propriospinal neurons (LAPT) interconnect the cervical and lumbosacral enlargements. These two classes of propriospinal neurons work together with supraspinal neurons modulating and honing locomotor ability, coordination of the extremities, and postural support \[[@CR14], [@CR15]\].

Propriospinal neurons are increasingly attractive to the field of spinal cord injury (SCI) because the plasticity and reorganization of both spared and injured propriospinal connections can lead to functional recovery after SCI \[[@CR2], [@CR7]--[@CR12]\]. PS axons have the ability to regenerate around incomplete spinal cord lesions and form functional neuronal circuits \[[@CR7], [@CR16]\]. Interestingly, even with the enhanced regenerative potential demonstrated by propriospinal axons, recent studies have demonstrated that the regenerative response of LDPT neurons and TPS neurons to a T~9~ spinal transection injury are dramatically different. TPS neurons mount a strong initial regenerative response (3 days post-axotomy), upregulating transcripts to several growth factor receptors, cell survival factors, and regeneration associated genes \[[@CR17]\]. Additionally, TPS neurons also mount a strong apoptotic response, upregulating a handful of pro-apoptotic gene transcripts leading to cell death \[[@CR17]\]. LDPT neurons, on the other hand, show neither a regenerative nor an apoptotic response, have a lowered expression of genes for several growth factors and their receptors, and can survive for at least 2 months post-axotomy \[[@CR18], [@CR19]\].

The ability of a damaged neuron to initiate and sustain regenerative activity is under the governance of different factors. While the post-injury environment is known to exert a highly inhibitory influence on the process of axonal regrowth \[[@CR20]--[@CR23]\], studies have also demonstrated that the intrinsic response of the neuron itself is another key factor \[[@CR24]--[@CR26]\]. One factor that will influence the cellular reaction to axotomy is the distance of the lesion to the neuronal cell body. Previous studies have demonstrated that a neuron will mount the strongest regenerative response if the site of axotomy is close to the cell body \[[@CR5], [@CR6], [@CR25], [@CR26]\]. If CST neurons are axotomized intracortically or spinally, there is a differential response of regeneration associated genes. While there is a significant upregulation in genes classically associated with regeneration (Atf3, Gap43, Chl1, Scg10) in the CST neurons axotomized intra-cortically, near the neuronal cell body, these were not changed in CST neurons axotomized spinally \[[@CR26]\]. A similar effect was observed when RuST neurons (originating in the brain stem) were subjected to either a cervical or thoracic axotomy. The post-injury response of RuST neurons subjected to a cervical axotomy include upregulation of Gap43 and various tubulin proteins that were not observed after thoracic axotomy \[[@CR25]\]. With regards to PS neurons, TPS axons travel only a few spinal segments and T~10~ injury damages their axons proximal to the TPS cell body. However, since LDPT neurons arise in the cervical and lumbar enlargements of the spinal cord, a T~10~ injury will most certainly place the site of axotomy many segments distal to their cell body. Therefore, in context with previous studies, the distance of the axotomy to the cell body may explain the differential effects observed in these two populations of PS neurons.

This study was designed to examine the effect axotomy location has on the genetic response of LDPT neurons. Specifically, we hypothesized that a proximal axotomy in LDPT neurons following a T~2~ spinal transection would result in a post-injury response in gene expression comparable to the reported changes observed in the TPS neurons following T~10~ axotomy.

Results {#Sec2}
=======

The analysis in this study was focused on the response of specific genes which had significantly changed in the LDPT or TPS populations after thoracic lesions in previous studies (Table [1](#Tab1){ref-type="table"}; 17, 18). Out of the 34 genes examined (Table [1](#Tab1){ref-type="table"}), 28 exhibited robust and reliable expression levels above baseline in both the T~10~ injured TPS and T~2~ injured LDPT samples. Genes not surviving the initial quality control filtering with enough samples available for the first round of an analysis of variance (ANOVA) included the surface receptors Artn, Hcrt and Gfra3 and Lcn2 an immune and inflammatory gene.Table 1Specific genes selected for expression analysisFunctionSymbolNameImmune and/or inflammatoryCxcl13Chemokine (C-X-C motif) ligand 13CybbCytochrome b-425, beta polypeptideFcgr2bFc fragment of IgG, low affinity IIb, receptorFybFyn binding proteinItgamIntegrin alpha MLgals3Lectin, galactose binding, soluble 3Lcn2Lipocalin 2Pro/anti apoptoticBaxBcl2-associated X proteinCasp2Caspase 2Casp3Caspase 3DapDeath-associated proteinPycardPYD and CARD domain-containing proteinGadd45gGrowth arrest DNA damage inducible, gammaRegeneration associated and/or neuroprotectiveActbActin, betaAtf3Activating transcription factor 3Gadd45aGrowth arrest and DNA damage inducible 4, alphaGap43Growth-associated protein 43Hspb1Heat shock protein 27JunJun oncogene, mRNASox11SYR-box containing gene 11Stmn2Stathmin-like 2Stat3Signal transducer and activator of transcription 3TspoTranslocator proteinTubb3Tubulin---beta 3Surface receptor and/or growth factorArtnArteminBdnfBrain-derived neurotrophic factorGfra1Glial cell line derived neurotrophic factor family receptor alpha 1Gfra3Glial cell line derived neurotrophic factor family receptor alpha 3HcrtOrexin (Hypocretin)Igf1Insulin-like growth factor 1LifrLeukemia inhibitory factor receptorNcam1Neural cell adhesion molecule 1Ntrk2Neurotrophic tyrosine kinase, receptor type 2RetRet proto-oncogeneGenes selected for analysis. 34 different genes were specifically chosen to be profiled at 3-days post injury. The genes chosen for analysis were previously found to be significantly up or down-regulated 3-days post injury in LDPT and/or TPS neurons following gene expression and qRT PCR array analyses \[[@CR17], [@CR18]\]. Expression levels of these 34 specific genes were assessed using a custom-designed multiplex  assay. Stmn2 is also known as SCG10

Further evaluation of the expression data for LDPT neurons revealed that for the genes Cybb and Sox11, only two of the four uninjured LDPT control samples generated expression values, thus rendering any kind of statistical analysis problematic. Therefore, both Cybb and Sox11 were removed from further analysis with regards to the LDPT populations. Additionally, the expression changes for another regeneration associated and neuroprotective gene, Atf3, could not be deemed statistically significant because of the high level of variability that was observed among the uninjured LDPT control group. However, the data are showing a clear trend towards a robust upregulation in Atf3 expression in LDPT neurons receiving a localized axotomy, so this was included in the analysis.

Interestingly, Bax, a pro/anti apoptotic gene and Cxcl13, an immune and inflammatory gene, also did not survive the initial filtering of data prior to the ANOVA analysis. However, in this case, it was because the expression of both genes was only observed in the TPS population. This surprising finding suggests that there are strong phenotypic differences between the LDPT and TPS neuronal populations. Also of interest was the finding that TATA box-binding protein gene (Tbp), one of two housekeeping and control genes (Hprt and Tbp), exhibited a change in expression after a lesion, and was therefore not used as a reference gene; instead it is being reported among those tested with ANOVA. These data resulted in a total of 27 genes being further analyzed in this study.

The 27 remaining predetermined genes in this study were segregated into four general functional families: pro/anti apoptotic, immune and inflammatory, regeneration associated and neuroprotective, and cell surface and growth factors. Tbp regulates gene expression by binding to the TATA box upstream of various eukaryotic genes and promotes expression \[[@CR27], [@CR28]\]. It could technically fit into any of the four identified families, but it is considered as being in a separate functional family of gene expression regulators.

Response of thoracic propriospinal neurons following axotomy {#Sec3}
============================================================

Our previous study demonstrated that after spinal injury, TPS neurons initiate a robust change in expression of many different genes involved in the four functional families \[[@CR17]\]. The current study, in part, replicated the previous work, examining the intrinsic genetic response of TPS neurons to a T~10~ level lesion. Evaluation of the response of TPS neurons to a cervical injury was not done in this study, because the previous study demonstrated there was no effect on gene expression \[[@CR17]\]. This analysis was performed using custom-designed magnetic bead-based Luminex assays (QuantiGene Plex 2.0; Affymetrix). This technology is similar in sensitivity as qRT-PCR, which was utilized in our previous study, but affords the ability to simultaneously measure up to 36 genes in a single well, thus significantly reducing overall variance.

As expected, the expression levels of all genes examined was higher in the T~10~ injured animals compared to the controls (Fig. [1](#Fig1){ref-type="fig"}a). The magnitude of the changes in gene expression varied, ranging from a robust change (52.4 fold increase over control) for the regeneration associated gene Atf3, to a milder change, (1.2 fold increase over control) for the cell surface receptor/growth factor gene, Ntrk2. Statistically, all changes in expression were found to be significant, with the exception of Ntrk2 (*p* = 0.3801) and were observed in genes from all four functional families. These data replicate the findings in our previous work, demonstrating that TPS neurons mount a robust post-injury response \[[@CR17]\], and validates the sensitivity and utility of multiplex bead-based technology for examining changes in gene expression.Fig. 1Fold changes in gene expression post spinal cord injury. The fold changes in gene expression, following spinal cord injury,  were determined for both the short Thoracic Propriospinal neurons (TPS) receiving an injury at the spinal level T~10~ (**a**), or the Long Descending Propriospinal Neurons (LDPT) that received a distal injury at T~10~ or a proximal injury at T~2~ (**b**). All changes in expression were determined by comparing the injured group to the uninjured control. Genes exhibiting a statistically significant fold change in expression compared to the uninjured control (corrected *p* value ≤ 0.10) 3 days post-injury are indicated by an asterisk (\*), Gene trending towards significance but sample expression variability among the control group prevents statistical significance (\#)

Response of long descending propriospinal neurons following distant axotomy {#Sec4}
===========================================================================

The response of LDPT neurons, with axons spanning a distance from the cervical enlargement to the lumbosacral enlargement, was characterized following a spinal transection injury at the T~10~ thoracic level. Previous work demonstrated that LDPT neurons remain relatively quiescent, or even downregulate certain genes in response to a T~10~ transection injury, a response very different from the TPS neurons \[[@CR18]\]. In this study, following a T~10~ axotomy, the post-injury change in gene expression was again flat (Fig. [1](#Fig1){ref-type="fig"}b), with only a few genes showing increases. Moreover, 10 genes displayed a *decrease* in gene expression: Bdnf, Casp3, Gadd45g, Hspb1, Igf1, Jun, Ncam1, Ntrk2, Stmn2, and Tbp. When the overall fold changes and statistical significance were considered (Fig. [1](#Fig1){ref-type="fig"}b), LDPT neurons exhibited a much smaller response in gene expression. Moreover, only five genes examined exhibited a statistically significant (corrected *p* value \< 0.10) fold change in expression: Fcgr2b and Itgam, both immune and inflammatory genes; Pycard, a pro/anti apoptotic gene; Stat3, and Tspo both regeneration associated genes. The observed LDPT response to a T~10~ injury, which is located far from the LDPT neuronal cell bodies, is quite different than the observed TPS response to the same T~10~ level injury. The findings from this study validate and further confirm the findings from our previous studies \[[@CR17], [@CR18]\]. It also suggests that lesion proximity might have a role in stimulating changes in gene expression.

Response of long descending propriospinal neurons following local axotomy {#Sec5}
=========================================================================

The response of LDPT neurons to a local axotomy was examined to determine if a local lesion would elicit a strong regenerative response, similar to what was observed in the TPS neurons. LDPT neurons were axotomized at the spinal level T~2~, placing the site of axotomy approximately three to five spinal segments away from the cell bodies of the LDPT neurons. This is comparable to the experimental conditions of the previous analysis of TPS neurons, which are located at the T~7~ level, with an injury occurring at the T~10~ spinal level.

After a T~2~ axotomy, the response of the LDPT neurons was very different in both the levels and the direction of gene expression following injury (Fig. [1](#Fig1){ref-type="fig"}b and Table [2](#Tab2){ref-type="table"}). Of the genes of interest, eight exhibited a divergent genomic response. Three of those genes were regeneration associated and neuroprotective genes: Actb, Gap43, Tubb3, which all were *downregulated* in LDPT neurons close to the axotomy, whereas after a distant axotomy, the expression of these genes essentially remained unchanged or increased.  The surface receptors genes, Gfra1 and Lifr were also down regulated when LDPT neurons were locally axotomized, compared to the upregulation observed after a distal axotomy. In contrast, the opposite pattern of changes was observed for the genes Bdnf, and Gadd45g, associated with antiapoptotic functions in cells. Both Bdnf and Gadd45g were *upregulated* in locally injured LDPT neurons, whereas their expression slightly declined following a distant axotomy. The final gene exhibiting a divergent change in the LDPT response to injury was the housekeeping gene candidate Tbp.Table 2Significant changes in gene expression in LDPT neuronsGeneObserved fold change in expressionCorrected *P* valuesFunctional groupingLDPT\
T10 lesionLDPT\
T2 lesionLDPT\
T10 lesionLDPT\
T2 lesionDap1.152.220.708853*0.00365*Pro and anti apoptoticFcgr2b2.5714.130.097471*0.00027*Immune and inflammationGap431.070.760.635246*0.024751*Regeneration associated and neuroprotectiveHsbp10.950.550.685646*0.002492*Regeneration associated and neuroprotectiveItgam3.264.320.054079*0.00187*Immune and inflammationLgals35.2626.750.362824*0.002079*Immune and inflammationLifr1.020.610.903837*0.010078*Surface receptor and growth factorNcam10.910.540.650819*0.013782*Surface receptor and growth factorPycard4.027.13*0.0301440.003767*Pro and anti apoptoticStat31.531.570.0664730.063692Regeneration associated and neuroprotectiveStmn20.930.480.743167*0.030081*Regeneration associated and neuroprotectiveTspo4.7515.33*0.049490.001578*Regeneration associated and neuroprotectiveTubb31.110.510.620656*0.015431*Regeneration associated and neuroprotectiveSignificant post-hoc*p* values are shown in italicsSignificant changes in gene expression in LDPT neurons. Changes in expression in LDPT neurons, depending on the location of the lesion were quantified. Five genes (Fcgr2, Itgam, Pycard, Stat3, Tspo) all demonstrated a significant increase in expression following a distal lesion at T~10~. However, when LDPT neurons were axotomized proximally at T~2~, 13 genes exhibited a significant change in expression: six were down-regulated (Gap43, Hsbp1, Lifr, Ncam1, Stmn2, Tubb3) while seven (Dap, Fcgr2b, Itgam, Lgals3, Pycard, Stat3, Tspo) were upregulated. This direct comparison strongly indicates that LDPT neurons exhibit a more dynamic intracellular response when the axotomy is located nearer the LDPT cell body

There were significant fold *increases* (corrected *p* value \< 0.10; Table [2](#Tab2){ref-type="table"}) in the expression of seven genes, including the immune and inflammatory genes Fcgr2b, Itgam, and Lgals3; the regenerative associated genes Tspo and Stat3, and the pro/anti apoptotic genes Dap and Pycard. The regenerative associated gene Atf3, trended towards significance, however the high degree of variability in the sample prevented any statistical significance. Curiously, there were significant (corrected *p* value \< 0.10; Table [2](#Tab2){ref-type="table"}) fold *decreases* in regeneration associated genes: Gap43, Hspb1, Stmn2, Tubb3, and growth factor & surface receptor genes: Lifr and Ncam1.

Notable, but non-significant changes in the expression included increases in the immune gene Fyb, the growth factor and surface receptor genes Bdnf, and Ret, of the pro/anti-apoptotic genes Casp2, and Gadd45g, and the regeneration associated and neuroprotective gene Gadd45a. Non-significant decreases in expression were observed for the growth factor and surface receptor gene Gfra1, and Ntrk2, the pro/anti apoptotic gene Casp3, and the regeneration associated and neuroprotective genes: Actb, and Jun.

Collectively, when considering the overall changes in gene expression (see Fig. [1](#Fig1){ref-type="fig"}b), the number of genes exhibiting a significant change in expression after a local injury increased almost threefold, as compared to a distant injury. Only  five genes were affected after a distant injury, while the local axotomy stimulated significant changes in the expression of  13 genes. Of these, seven demonstrated statistically significant (corrected *p* values \< 0.002; Table [2](#Tab2){ref-type="table"}) *increases* in expression. These included Dap, Pycard, Fcgr2b, Itgam, Lgals3, Stat3 and Tspo. The six remaining genes exhibited significant (corrected *p* values \< 0.010; Table [2](#Tab2){ref-type="table"}) fold *decreases*, and included Gap43, Hsbp1, Stmn2, Tubb3, Lifr and Ncam1.

These data clearly demonstrate that the location of axotomy relative to the neuronal cell body is an important determinant for the changes elicited in gene expression. This relationship can be further confirmed using a correlation analysis. When changes in gene expression were compared between LDPT neurons receiving a distant axotomy (T~10~) and the TPS neurons close to the injury site, the correlation was weak (Pearson r = 0.38, *p* value = 0.042) (Fig. [2](#Fig2){ref-type="fig"}a). However, when the expression changes in LDPT neurons receiving a local axotomy (T~2~) were compared to the TPS neurons, a very strong correlation was found (Pearson r = 0.803, *p* value \< 0.00001). There was a much more obvious correlation between the gene expression changes in TPS and LDPT neurons receiving a local axotomy (Fig. [2](#Fig2){ref-type="fig"}b).Fig. 2Correlation analysis of lesion distance and change in gene expression. The location of axotomy relative to the neuronal cell body is an important determinant for the post-injury responses exhibited in terms of changes in gene expression. This relationship was examined using a correlation analysis comparing the TPS neurons response to a T~10~ injury, to the response of LDPT neurons receiving an injury at T~10~ (**a**), and the response of LDPT neurons receiving an injury at T~2~ (**b**). When changes in gene expression were compared between LDPT neurons receiving a distant axotomy (T~10~) and the TPS neurons close to the injury site, the correlation was r = 0.38 (**a**). However, when the LDPT neurons near a local axotomy (T~2~) were compared to the TPS neurons, a correlation of r = 0.803 was observed (**b**)

Differential response of gene families {#Sec6}
======================================

The overall pattern of gene expression in propriospinal neurons after a local axotomy can be characterized according to their functional family (Table [1](#Tab1){ref-type="table"}). Observed changes in the expression levels of genes categorized as "immune and inflammatory genes" increased after a local axotomy in both the TPS and LDPT populations (Fig. [3](#Fig3){ref-type="fig"}a). All four of the genes examined, Fcgr2b, Fyb, Itgam, Lgals3, exhibited a significant increase in the TPS neurons after a T~10~ injury, while only Itgam exhibited a significant increase in expression in the LDPT neurons that were further from the injury site. Not unexpectedly, LDPT neurons that were subject to a local axotomy demonstrated a significant increase in expression in three of the four genes (Fcgr2b, Itgam, and Lgals3) associated with the immune and inflammatory reaction.Fig. 3Fold changes in gene expression post spinal cord injury group by functional family. While fold changes in gene expression were already calculated and presented, genes were grouped together by their predetermined functional family (see Table [1](#Tab1){ref-type="table"}) for better visualization of which family exhibited the most dynamic change post-injury. Genes encoding factors known to be involved with the immune and inflammatory process are grouped together (**a**), Genes encoding known growth factors and surface receptors are grouped together (**b**), Genes representing genes that are known to be pro or anti apoptotic are grouped together (**c**), and those genes that encode known neuroprotective or regeneration associated genes are grouped together (**d**). As can be seen in **a**--**d**, TPS neurons exhibited significant upregulation of genes across all four functional groupings. LDPT neurons receiving a T~2~ lesion exhibited a significant upregulation in three of the four genes (Fcgr2b, Itgam, and Lgals3) in the immune and inflammatory family (**a**) and two of the  five genes (Dap and Pycard) in the pro/anti apoptotic family (**c**), whereas in the growth factor and surface receptor family, two of the seven genes (Lifr and Ncam1) exhibited a significant downregulation in expression (**b**). In regards to the regeneration associated and neuroprotective genes family (**d**), of the 10 genes examined, one gene (Tspo) was significantly upregulated, one gene showed a trend towards significance (Atf3), and four genes (Gap43, Hspb1, Stmn2, and Tubb3) demonstrated a significant downregulation. LDPT neurons receiving a T~10~ level injury, were relatively quiescent, with significant changes in expression being found for only four of the total genes. This clustering of genes by family shows the most dynamic response in LDPT neurons receiving a T~2~ injury were among the genes involved with inflammation and the immune response, followed by the genes associated with neuroprotection and regeneration. Genes exhibiting a statistically significant fold change in expression compared to the uninjured control (corrected *p* value ≤ 0.10) 3 days post-injury are indicated by an asterisk (\*). Gene trending towards significance but sample expression variability among the control group prevents statistical significance (\#)

Similar changes were observed in the genes related to the cellular process of apoptosis. When the expression of the five genes (Casp2, Casp3, Dap, Gadd45g, and Pycard) (Fig. [3](#Fig3){ref-type="fig"}c) were examined, again the TPS neurons exhibited a significant increase in expression in all five genes. In the LDPT neurons that were subjected to a distal axotomy only one gene, the pro-apoptotic gene Pycard, exhibited a significant increase in expression. However, in the LDPT neurons that were subjected to a local axotomy, two genes Dap and Pycard, both associated with being pro-apoptotic, exhibited a significant increase in expression.

Of the growth factor and receptor genes (Fig. [3](#Fig3){ref-type="fig"}b), six of the seven genes examined (Bdnf, Gfra1, Igf1, Lifr, Ntrk2, Ncam1 and Ret) exhibited a significant increase in expression in the TPS neurons following a local injury. The only exception was the Ntrk2 gene, which encodes the tyrosine kinase type B receptor. In the LDPT neurons subjected to a distant axotomy, there was little or no change in these genes. Interestingly, the LDPT neurons that experienced a local injury showed little change in these genes either; with the only statistically significant changes being the downregulation of both Lifr, which encodes the receptor for leukemia inhibitory factor, and Ncam1, which encodes the neural cell adhesion molecule 1.

Analysis of the regeneration associated and neuroprotective genes (Fig. [3](#Fig3){ref-type="fig"}d), revealed the most interesting findings. This family/grouping of 10 genes included: Actb, Atf-3, Gadd45a, Gap43, Hspb1, Jun, Stat3, Stmn2, Tspo, and Tubb3. As seen with the other family and gene grouping, when it came to the post-injury response of the TPS neurons, all 10 genes in this category demonstrated a significant increase in expression following injury. While the expression levels of two genes, Stat3 and Tspo, increased following a distant injury in LDPT neurons, the response of LDPT neurons subject to a local axotomy was very different. As shown in Fig. [3](#Fig3){ref-type="fig"}d, LDPT neurons receiving a local axotomy demonstrated changes for seven of the 10 genes, with significant *increases* in expression being found in the genes Stat3 and Tspo, just as for LDPT neurons with a distant axotomy, and significant *decreases* in expression of the remaining four genes: Gap43, Hspb1, Stmn2, and Tubb3.

The expression of the gene expression regulator gene, Tbp, shows a significant (corrected *p* values \< 0.010) increase in expression following a T~10~ level axotomy in TPS neurons, but a non significant decrease (0.90 fold change) in expression in the LDPT neurons that received a distal axotomy. LDPT neurons receiving a local axotomy exhibited a rather meager (1.05 fold increase) in expression post-axotomy.

Phenotypic differences exist between the TPS and LDPT neuronal populations {#Sec7}
==========================================================================

One of the most intriguing findings from the current study is the observation that the LDPT neuronal population exhibits a post-axotomy response different than that of the TPS neurons. Moreover, even when the site of axotomy was moved proximally towards the LDPT cell body, the response is different. Axotomy closer to LDPT neurons elicited a dynamic intrinsic post-injury response, but this was not as robust as the changes observed in the TPS neuronal population. The observed differences between the response of LDPT and TPS neurons to a local axotomy invites the question of phenotypic distinction between the TPS and LDPT neuronal populations. The initial study comparing the differential response of LDPT and TPS neurons to axotomy \[[@CR18]\] also suggested that they could be distinct cell populations. To further examine this question, the expression levels of the genes specifically tested in this study were compared between the *unaxotomized* TPS and LDPT neurons. Average expression levels of each gene were calculated for the TPS and LDPT neurons harvested from the uninjured control animals (Table [3](#Tab3){ref-type="table"}). Any differences in gene expression levels for the TPS control versus the LDPT control were evaluated for statistical significance.Table 3Phenotypic differences observed between TPS and LDPT neuronsGeneLDPTTPSFold change*P* valueGroupingObserved phenotypic differences *Actb8501.716179.140.730.0421*RAG Atf39.1812.081.320.4635RAG Bdnf20.6331.571.530.3192SRGF *Casp24.9012.042.460.0032*AP Casp3147.0090.460.620.2382AP Cybb1.536.053.950.2659IM *Dap29.3466.942.280.0159*AP *Fcgr2b6.6239.485.970.0377*IM Fyb5.5816.823.020.1329IM *Gadd45a284.22196.000.690.0063*RAG Gadd45g5.189.661.870.0616AP *Gap431087.251300.251.200.0413*RAG Gfra183.58112.051.340.1237SRGF Hsbp11739.431436.720.830.0728RAG *Igf15.519.681.760.0121*SRGF *Itgam23.8779.003.310.0016*IM Jun119.38113.870.950.8782RAG Lgals313.68354.4325.920.2606IM *Lifr461.73334.600.720.0158*SRGF Ncam1854.72803.530.940.7075SRGF Ntrk297.7794.620.970.9017SRGF *Pycard2.4210.064.150.0035*AP Ret444.09330.410.740.0754SRGF Sox111.364.223.100.2533RAG Stat3320.89327.531.020.8987RAG *Stmn23837.242345.470.610.0333*RAG Tbp35.7047.641.330.1195RAG *Tspo5.7437.086.460.0023*RAG *Tubb31588.091060.080.670.0353*RAGPhenotypic differences between TPS and LDPT Neurons. Phenotypic differences were detected utilizing a *T* test that compared the  baseline expression level of the genes of interest in uninjured LDPT and TPS neurons. Significant *p* values are shown in italicsThe "family" that each gene was assigned to is indicated in the far right column *AP* pro/anti apoptotic genes, *IM* immune and inflammatory, *RAG* regeneration associated and/or neuroprotective genes; *SRGF* surface receptor and/or growth factor

One of the first major differences that was found between the two populations was the presence of the pro-apoptotic gene Bax and the inflammatory and immune gene Cxc113 in the TPS, but not LDPT neurons. The expression of these two genes in the TPS neurons corroborates previous findings of their upregulation following injury \[[@CR17]\]. Interestingly, expression of Bax or Cxc113 was not observed in the LDPT populations, thus preventing any analyses of these two individual genes. Other notable differences observed between the TPS and the LDPT neuronal populations are summarized in Table [3](#Tab3){ref-type="table"}. Of the genes examined, 13 show significant differences in expression between the TPS and LDPT populations. Ten of these genes show a higher level of expression in the TPS neurons, including all the significant genes in the apoptosis category (Casp2, Dap, Pycard, and Bax) the immune and inflammatory category (Facr2b, Itgam, and Cxc113), two of the regeneration associated genes (Gap43 and Tspo), and one of the surface receptor genes (Igf1). Only five genes are found to be elevated in the LDPT population of neurons. Interestingly, three of those five genes Actb, Stmn2, and Tubb3 are all related to the actin cytoskeleton, and actin cytoskeletal dynamics. Of the remaining two genes, one is a regenerative associated gene (Gadd45a), and the other is the surface receptor gene Lifr.

Comparison of the baseline gene expression in uninjured control LDPT and TPS neurons strongly indicates that phenotypic differences exist between the TPS and LDPT neurons. Moreover, the findings in this current study corroborate the result of a previous study also demonstrating phenotypic differences between TPS and LDPT neurons \[[@CR18]\].

Discussion {#Sec8}
==========

This study continues the characterization of the intrinsic post-injury response of PS neurons, and considers the effect of a local axotomy on the response of both LDPT and TPS neuronal populations in the spinal cord. Laser capture microdissection was again utilized to specifically identify and collect Fluorogold retrogradely labeled TPS and LDPT neurons, thus limiting our gene expression profiling to those changes occurring specifically in the TPS or LDPT neurons. However, unlike our previous studies that utilized microarray screening (e.g., Affymetrix rat 1.0 Gene ST array \[[@CR17], [@CR18]\]), the present study utilized the Affymetrix Quantigene^®^ Plex 2.0 Assay, to examine the change in gene expression. Ultimately, however, the two methodologies produced similar findings.

Understanding how specific types of neurons respond to injury has become an area of both proteomic and genomic investigation \[[@CR1], [@CR29]--[@CR33]\]. These studies are important to the field of axonal regeneration, because the intrinsic cellular post-injury response and factors that affect it will be critical to stimulating successful axonal regeneration. Perhaps even more important, having a thorough understanding of how individual populations of neurons respond to injury can identify more promising treatments. Specific regenerative components of the post-injury response can be targeted for augmentation in affected cells, while concurrently minimizing any part of the post-injury response that is detrimental to the regenerative process.

Propriospinal neurons have become a neuronal population of interest in the field of spinal cord injury research because of two features: their ability to undergo a dynamic injury-induced neuroplastic reorganization of both spared and injured propriospinal connections \[[@CR2], [@CR7]--[@CR12]\], and their ability to undergo robust regenerative growth after injury \[[@CR5]--[@CR7]\]. The intrinsic post-injury responses of PS neurons appear to contribute to the varying degrees of recovery of function that is observed following trauma to the CNS, where long distance regenerative growth of supraspinal axons fail \[[@CR1], [@CR2], [@CR10]\].

Previous work from our lab characterized the post-injury intrinsic response of PS neurons to a T~10~ level axotomy. The interesting finding was that even as both the TPS and LDPT populations of PS neurons are intrinsic to the spinal cord, the post-injury responses exhibited by the TPS and LDPT propriospinal were vastly different \[[@CR17], [@CR18]\]. The TPS population mounted a robust post-injury response, which included the upregulation of many regeneration associated, immune and inflammatory, pro/anti apoptotic, and cell surface receptor and growth factor related genes \[[@CR17]\]. In contrast, the LDPT population largely remained in a more quiescent state, and even down regulated certain genes related to regeneration, immune and inflammatory pathways, and pro/anti apoptotic genes \[[@CR18]\]. These differential responses could be a result of the distance of the injury to the neuronal cell body, and this question was directly addressed in this study.

One potential concern with the design of the study is the use of the retrograde tracer Fluorogold (FG) to pre-label the TPS and LDPT neurons. It has been suggested that FG may exert a cytotoxic effect on neurons over time \[[@CR34], [@CR35]\]. However, as reported in previous work \[[@CR17], [@CR18]\] no significant changes in gene expression were found comparing control groups at the various post-FG labelling time points (1 week, 2 weeks, or 1 month). Moreover, there was no evidence (genetically or by immunofluorescence) of a pro-apoptotic response in these control groups during the first month following SCI. In particular, the data in this study demonstrate a similar effect in the apoptotic gene family and support the previous findings that FG labeling has no adverse effects on neurons, and is a suitable neuronal tracer for this type of study.

The selection of genes to profile (Table [1](#Tab1){ref-type="table"}) was based upon our previous studies, and included those found to be significantly up or downregulated 3 days post T~10~ transection in LDPT and TPS neurons following gene microarray, qRT PCR and/or PCR array analyses \[[@CR17], [@CR18]\]. Many genes examined in this study span different functional categories (regeneration associated, immune and inflammatory, apoptotic pathways), and we considered that these pathways could potentially interact in the cells. Analysis of gene interactions using the website STRING (<https://string-db.org>) \[[@CR36]--[@CR38]\], reveals that of the genes examined, only four: Tspo, Sox11, Fyb, and Hspb1 are considered "orphans" with no known or demonstrated direct interactions with the other genes examined (Fig. [4](#Fig4){ref-type="fig"}). This demonstrates that most molecules encoded by the genes examined in this study can have some level of interaction with each other, and potentially have a significant influence on the intrinsic response of LDPT neurons. For example, the pro-apoptotic genes Casp2 and Casp3 have a high probability of interaction with each other and other genes in this pathway; similar findings are found with the regenerative associated and neuroprotective genes: Actb, Atf3, Jun, and Stat3, and growth factor and surface receptor genes: Gfra1, and Ret. Interestingly, the gene expression regulator Tbp, has ample evidence of interactions with two of our regeneration associated genes Actb and Jun. This interaction with two known regeneration associated genes, and the fact that all three genes: Tbp, Actb, and Jun, are significantly upregulated in TPS neurons following a T~10~ level lesion, support the idea that they interact. Moreover, the fact that Tbp expression in LDPT neurons is flat, and both Actb and Jun expression is either decreased (as seen in locally injured LDPT neurons) or flat, could indicate that expression of Tbp is a key modulating factor.Fig. 4Network Map. The genes selected for this study were uploaded to the online network mapping software STRING, which then establishes the known interactions between the different proteins. As can be seen in the map, only four of the proteins (Hspb1, Tspo, Sox11, and Fyb) are considered orphans with no currently known or observed interactions with all of the other proteins in our study. This network map, visually illustrates which genes interact with which others, and possibly identifies "high value" targets, which could be used to manipulate the post-injury cell response

Further analysis of the genes of interest using STRING, determining functional enrichments, revealed that the top five biological processes networks highly represented by 13--15 of the genes analyzed were neuronal differentiation, cell development, response to an external stimuli, cell surface receptor signaling, and neurogenesis. Knowing which genes/molecules interact with each other and how they can be influenced by external stimuli will be a critical step in understanding the intrinsic response of individual neuronal populations to environmental changes, including injury. This information could be key to optimizing treatment strategies for injuries or diseases in the nervous system.

Location of the lesion matters {#Sec9}
==============================

There is ample evidence that a neuron will mount the strongest regenerative response if the site of axotomy is close to the cell body \[[@CR5], [@CR6], [@CR25], [@CR26]\]. In a study conducted by Mason and colleagues, CST neurons were axotomized both intra-cortically and spinally to evaluate the intracellular response. An upregulation of regeneration associated genes classically associated with regeneration (Atf3, Gap43, Chl1, Scg10) was observed in the CST neurons axotomized intra-cortically near the neuronal cell body. These genes were not affected in CST neurons axotomized spinally \[[@CR26]\]. A similar effect was observed when RuST neurons (originating in the brain stem) were subjected to either a cervical or thoracic axotomy \[[@CR25]\]. The post-injury response of rubrospinal neurons subjected to a cervical axotomy displayed an upregulation in Gap43 and various tubulin proteins that were not observed after thoracic axotomy. The proximity of a spinal lesion to the cell bodies of PS neurons may be one of the reasons why PS axons are able to grow within peripheral nerve grafts, unlike supraspinal neuron axons \[[@CR5], [@CR6]\]. In the present study we asked whether axotomizing descending LDPT neurons nearer to their cell bodies, which arise in the cervical enlargement (C~2~--C~7~), would result in a post-injury response and changes in gene expression comparable to the reported changes observed in the TPS neurons following local lesion. We hypothesized that a local axotomy would cause an inflammatory, regenerative, and apoptotic response in LDPT neurons similar to dynamic post-injury response that has been previously reported for TPS neurons \[[@CR17]\], and replicated in this present study.

The results from this study clearly demonstrate that moving the axotomy from the T~10~ level to the T~2~ level, has a significant effect on the post-injury response of LDPT neurons. When LDPT neurons are examined after an axotomy at the spinal level of T~10~, the post-injury response is rather meager \[[@CR18]\]. Significant changes in gene expression are limited, and many of the observed changes in gene expression actually decrease. However, after an axotomy at spinal level T~2~, nearer to the LDPT cell soma, a different intrinsic post-injury response is observed. There is both a more dynamic post-injury response with a lesion at T~2~, as well as different changes in gene expression, when compared to the response after a distant injury (T~10~ axotomy). After a proximal injury, a series of regeneration and neuroprotective and cell surface receptors genes such as Actb, Gap43, Tubb3, Gfra1 and Ntrk2, are downregulated, compared to the upregulation observed following a T~10~ axotomy. In contrast, the gene for the neurotrophic factor BDNF and anti apoptotic gene Gadd45g, are upregulated in LDPT neurons that received a T~2~ axotomy, compared to their downregulation after a T~10~ axotomy. Other differences in the response of LDPT neurons following a T~2~ level axotomy, included the number of genes exhibiting a significant fold change in expression after a local injury, which was increased three times compared to a distant injury.

Clearly, these data support the hypothesis that the location of the axotomy has a significant effect on the post-injury response of LDPT neurons. The closer to the cell body the axotomy occurs, the more dynamic the post-injury response. In this sense the present study concurs with the studies on supraspinal neuron populations. However, many of the genes involved in a stronger regenerative response in previous studies \[[@CR5], [@CR6], [@CR25], [@CR26]\] are down-regulated rather than upregulated in this instance, suggesting that other factors in addition to axotomy location are involved in the LDPT response.

Propriospinal neurons are not a homogenous population of neurons {#Sec10}
================================================================

While proximity to a spinal lesion had a noticeable effect on gene expression in LDPT neurons, they did not mount the same robust intrinsic response demonstrated as their TPS counterparts. This highlights a key point about the LDPT population; while they are PS neurons, they are phenotypically different from their TPS counterparts.

Previous studies have noted large differences in baseline gene expression between uninjured LDPT and TPS neuronal populations \[[@CR18]\]. The current study also compared the normal TPS and LDPT populations and found that of the genes specifically examined, 13 genes exhibited significant differences in baseline expression between the LDPT and TPS neurons (Table [3](#Tab3){ref-type="table"}, \[[@CR18]\]). Moreover, Bax, a pro/anti apoptotic gene and Cxcl13, an immune and inflammatory gene were not included in the present analysis because they are *only* expressed in the TPS population. Their lack of expression in LDPT neurons provides evidence that phenotypic differences exist between the LDPT and TPS neuronal populations. It is likely that there are more differences between the LDPT and TPS populations, as this study was limited  in scope.

Of the 13 genes that exhibited a significant difference in baseline expression, five genes: Actb, Gadd45a, Lifr, Stmn2, and Tubb3, exhibited significantly higher expression in LDPT compared to TPS neurons, whereas eight genes: Casp2, Dap, Fcgr2b, Gap43, Igf1, Itgam, Pycard, and Tspo, exhibited significantly lower expression in LDPT neurons when compared to TPS neurons. Actb, Stmn2 (also known as Scg10), and Tubb3 are regeneration associated genes that deal with the actin cytoskeleton \[[@CR26], [@CR39]--[@CR41]**\]**, while Gadd45a is known to be an anti-apoptotic gene and a regeneration associated gene \[[@CR42]\]; Lifr is a gene for the surface receptor for the growth factor LIF. There are significant differences in the expression of genes for neurotrophic factor receptors (Cntfr, Gfra1, Gfra2, Lifr, Ntrk1, and Ntrk2), and other genes known to be involved with axonal maintenance (Hspb1, Nf1, Zfp91), which are present at higher levels in LDPT neurons when compared to TPS neurons \[[@CR18]\]. These findings appear to suggest that the increased expression of genes involved with axonal maintenance and neurotrophic factors in LDPT neurons may be related to a broader role in axonal function and maintenance.

The genes that had lower expression in LDPT neurons as compared to TPS neurons include three (Casp2, Dap, and Pycard) known to be pro-apoptotic \[[@CR43]--[@CR46]\], and two of the genes, Fcgr2b and Itgam are part of the immune and inflammatory response. The final three genes showing an overall decreased level of expression in LDPT neurons are regeneration associated genes Gap43 and Tspo, and one gene for the growth factor Igf1.

Potential reasons for phenotypic differences between these two populations of PS neurons could be based on their respective anatomy. One of the most obvious differences between LDPT and TPS neurons is the length of their axonal projections. LDPT neurons originate within the intermediate gray matter of the cervical enlargement, and caudally project their axons, terminating within the intermediate gray matter of the lumbosacral enlargement \[[@CR14], [@CR15]\]. On the other hand, TPS neurons arise from the thoracic spinal gray matter, and their axons project rostral or caudally for shorter distances \[[@CR14], [@CR15]\]. Alternatively, another difference between LDPT and TPS neurons is the number of possible collateral projections \[[@CR18]\]. It is hypothesized that the flat post-injury intrinsic response observed in LDPT neurons could possibly be explained if the LDPT neuron is receiving metabolic or other support as the result of "sustaining collaterals". Such collaterals could interfere with a significant regenerative response, because the neuron is still receiving trophic support. At first sight, the findings from this study would seem to refute the "sustaining collaterals" hypothesis \[[@CR47], [@CR48]\], because moving the site of axotomy proximal to the LDPT cell body fails to elicit a robust cellular response similar to what is seen in TPS neurons. The proximal nature of the axotomy should have 'disconnected' the LDPT neurons from most (if any) sustaining collateral.

Unfortunately, we still cannot completely rule out or discount the fact that the LDPT population of neurons could have collateral axons arising almost immediately from the origin of the axon, and even have collateral branches that ascend up towards the brain stem \[[@CR49]\]. One could still reasonably assume that if PS neurons were a homogeneous population of neurons, then axotomizing the LDPT neurons proximal to their cell body, and removing any possible trophic support from collateral branches that may exist, the intrinsic response of LDPT neurons should mimic that seen in the TPS population. Therefore, the fact that axotomizing LDPT neurons at spinal level T~2~ did not elicit the same response observed in the TPS population, suggests one of two possibilities. First, this LDPT population of neurons has collateral axonal branches arising adjacent to the cell body, and continues to provide neurotrophic support to the LDPT neurons, even after T~2~ axotomy. This explanation is similar to the difference in the post-injury response of RuST neurons to axotomy at upper cervical or thoracic spinal cord \[[@CR25]\]. RuST axons send collaterals to both the cervical and lumbar spinal cord, so the collaterals projecting to cervical cord could dampen the regenerative response after thoracic axotomy \[[@CR25]\]. Secondly, as described above, there is a fundamental difference in the intrinsic cell biology of these two populations of PS neurons affecting the post-injury response to axotomy.

Further work is needed to develop a complete profile of the phenotypic differences between LDPT and TPS neurons. The findings from this present study corroborate previous findings that reveal LDPT and TPS neurons exhibit phenotypic differences, and that the PS family of neurons is not a homogeneous population. Understanding these differences will be key, if these neurons are to be targeted for therapeutic interventions, because as demonstrated in their intrinsic response to injury, they respond very differently after the same injury.

Lesion location or inflammation? {#Sec11}
================================

It is clear that lesion proximity can have a significant effect on the post-injury response; in this study, the effects are assumed to be attributed to the axonal damage that occurs close to the cell soma. However, another factor that can contribute to the neuronal response is the inflammatory response that also appears quickly in the tissue after a local injury.

The inflammatory response can have mixed effects on axonal regeneration post-SCI. Previous studies have shown the inflammatory response to be detrimental to the reparative process, exacerbating cell loss and the factors that are inhibitory to axonal regeneration \[[@CR50], [@CR51]\]. However, another body of literature demonstrates that the inflammatory response may be beneficial for the regenerative response \[[@CR52], [@CR53]\]. Certain components of the inflammatory response, *i.e.* the invasion of vascular macrophages, may be needed to stimulate a maximal regenerative response post-axotomy \[[@CR24], [@CR54]--[@CR60]\]. In an experiment conducted by Hossain-Ibrahim and colleagues \[[@CR59]\], corticospinal tract axons of adult rats were cut at the C~3~/C~4~ level, and the regenerative response of the CST neurons was studied following the application of the inflammatory agent, lipopolysaccharide (LPS), to the pial surface of the cortex. *In situ* hybridization and immunohistochemical analysis revealed that CST neurons treated with LPS upregulated many classic regeneration associated genes including c-Jun, Atf3, Gap43, and Stmn2 (Scg10). These regeneration associated genes were not upregulated in spinally axotomized CST neurons receiving no LPS treatment. In cases where CST neurons were not axotomized but received LPS treatment, CST neurons upregulated the expression of c-Jun, Atf3, Scg10, and Gap43. This was not observed in the contralateral hemisphere not receiving the LPS. Another example of the beneficial effect of inflammation is described in the study by Lu and Richardson \[[@CR54]\], where dorsal root axons were crushed and bacterium *Corynebacterium parvum* was injected into the dorsal root ganglion (DRG). Upon examination, a significant increase in the amount of DRG axonal outgrowth of the dorsal column axons was found, when compared to the controls not exposed to the bacterium \[[@CR54]\]. Additionally another inflammatory agent, zymosan has increased the success of dorsal root regeneration following axotomy when applied to DRG neurons \[[@CR61]\].

Complementing these findings, retinal ganglion cell axons regenerate most successfully within peripheral nerve grafts and the optic nerve itself with induction of an inflammatory response from a lens injury or other perturbation \[[@CR55], [@CR57]\]. Further studies have demonstrated that a specific subclass of vascular macrophage appears to be beneficial to the process of axonal regeneration. Two different subclasses of macrophages have been identified, M1 and M2. In vivo and in vitro experiments indicate that M1 macrophages appeared to be cytotoxic to neurons, while the M2 macrophages actually promoted regeneration, allowing axonal outgrowth across inhibitory chondroitin sulfate proteoglycan barriers \[[@CR60]\].

In our earlier work, the TPS neurons, located only two to three spinal segments away from the T~10~ transection location, exhibit a strong upregulation of many immune and inflammatory genes 3 days post-injury \[[@CR17]\]. LDPT neurons, whose cell bodies are located many spinal segments rostral to the T~10~ axotomy site, are far away from the injury and not directly exposed to the inflammatory response. Their cellular response is thus affected only by distance. However, when the site of axotomy is moved closer to the cell body (T~2~) the lesion site is now approximately equidistant (2--3 spinal segments) as the T~10~ lesion is to the TPS neuronal cell body. This results in an increase in the expression of immune and inflammatory genes (Fcgr2b, Itgam, and Lgals), which was not seen with a distant injury. The local tissue damage will trigger an inflammatory reaction, which may contribute to the cellular response. Additional studies are needed to further characterize the response to inflammation and the effect of a local axotomy.

Conclusions {#Sec12}
===========

Propriospinal neurons are beginning to garner more attention in the realm of axonal regeneration research because of their robust regenerative and neuroplastic behavior post-injury. This demonstrated neuroplasticity is believed to be partially responsible for some of the observed recovery of function that occurs  after spinal cord injury \[[@CR2], [@CR8], [@CR10]--[@CR12]\]. In order to take maximum advantage of this robust intrinsic neuroplastic response, and possibly drive PS neurons to play a more significant role in the regeneration of the spinal cord following traumatic injury, a comprehensive understanding of the PS intrinsic response to injury is needed.

This study expands on our previous studies \[[@CR17], [@CR18]\] characterizing the intrinsic post-injury response of PS neurons, specifically focusing on the TPS and LDPT populations. Utilizing a different methodology to examine the changes in gene expression, this study not only validated the previous findings, but also provided considerable support for the idea that the lesion distance from the cell body has a significant influence on the intrinsic response of the neurons. This finding may help to explain why TPS neurons are involved with the recovery of function that occurs even with the failure of supraspinal axon regeneration. As spinal cord injuries tend to most often occur either in mid thoracic or cervical regions of the spinal cord, injuries at these levels are going to cause an axotomy near the cell body of PS neurons, while the injury is distal to the cell bodies of CST, RuST and other classes of supraspinal neurons.

Another significant finding of the current study was further evidence and confirmation that while both the LDPT and TPS neurons are members of the PS neuron family; PS neurons are not phenotypically homogeneous. Phenotypic differences between LDPT and TPS neurons were found in our previous study \[[@CR18]\], and the current study validated that phenotypic differences between TPS and LDPT neurons exist. These differences need to be more thoroughly examined, because as previously discussed, they may help to explain the observed differential intrinsic response between LDPT and TPS neurons.

While further work is needed to more thoroughly understand the post-injury intrinsic response of PS neurons to injury, this study begins to identify certain "keystone" genes that may serve as useful targets for  SCI therapies. Moreover, creating a thorough gene profile of PS neurons should allow us to be able to take maximum advantage of their robust neuroplastic response to injury, allowing for the creation of more regenerative growth and the establishment of functional bypass circuits, allowing for an even greater recovery of function post SCI.

Methods {#Sec13}
=======

All procedures involving the use of animals were approved by the SUNY Upstate Medical University Institutional Animal Care and Use Committee, under the direction of the Department for Laboratory Animal Research, following the provisions and guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care.

Fischer female rats (N = 30, Harlan Labs; East Millstone; NJ) approximately 77 days old (± 10 days) were used in this study. Animals were assigned to various labeling and injury groups as illustrated in Table [4](#Tab4){ref-type="table"}. Data from previous studies demonstrated differences in gene expression within TPS neurons to be maximal 3 days post-injury/axotomy \[[@CR17]\], and significant differences in gene expression are already present by this time for LDPT neurons \[[@CR18]\]. Therefore, all animals were sacrificed and tissue harvested 3 days post-injury.Table 4Animal experimental treatment group assignmentsGroupNLabelConditionLevelSurvival post-labelingSurvival post injury110FGTXNT~10~10 days3 days210\*FGTXNT~2~10 days3 days310\*FGControlNo injury10 days--Animal experimental treatment groups. Female Fischer 344 rats were divided among 3 groups. Using the indicated tracer, Fluorogold (FG) PS neurons were labeled via bilateral injections of FG into the lumbosacral enlargement prior to axotomy. The animals were allowed to recover for 1 week, allowing the FG adequate time to retrogradely label PS neurons. Following 1-week tracer transport time, animal is groups 2 and 3 then received a complete spinal transection (TXN) at the indicated spinal level, and were then allowed to recover for 3-days, at which point the spinal tissue was harvested for laser capture microdissection and gene expression analysis\*Three animals in the T~2~ SCI group and 1 in the uninjured control group were euthanized prior to the planned date due to health complications

Animal surgeries {#Sec14}
================

Retrograde labeling of PS neurons {#Sec15}
---------------------------------

Rats were anesthetized by an intraperitoneal (IP) injection of a ketamine/xylazine cocktail (0.07 cc/100 g). Once the animal was unresponsive to a firm toe pinch, laminectomies were made at the T~13~ vertebral level using aseptic techniques, exposing the rostral aspect of the lumbosacral enlargement. The spinal cord was exposed to open the dura, and a total of six injections (3 bilaterally; approximately 0.3 mL each; Fig. [5](#Fig5){ref-type="fig"}) of Fluorogold (FG; Biotinum, Hayward, CA, 3% w/v in dH~2~O) were made using 32G needle attached to a 7901 N 10-mL Hamilton syringe seated in a micrometer injection apparatus. Each injection was performed over an interval of 3--5 min to ensure maximal tracer uptake by the tissue, and following the injection, the needle was left in place for an additional minute to avoid leakage of the tracer from the injection site.Fig. 5Experimental Schematic. Animals receiving spinal cord injuries were divided into two different injury groups, animals receiving a transection injury at spinal level T~10~ (**a**), and those receiving a transection injury at T~2~ (**b**). All animals received a series of Fluorogold tracer injections (3 bilaterally; approximately 0.3 μL each) in the lumbosacral enlargement. After 1 week tracer transport time, animals were then subjected to a spinal transection at either the T~10~ (**a**) or T~2~ (**b**) spinal level. Following a three day post-injury recovery time, animals were sacrificed, and tissue from the indicated areas was collected for laser capture microdissection

Spinal transection {#Sec16}
------------------

Low-thoracic (T~10~) transection injuries were performed as previously described \[[@CR17], [@CR18]\]. In brief, rats were anesthetized by an IP injection of a ketamine/xylazine cocktail (100 mg/kg + 10 mg/kg in a volume of 0.07 cc/100 g). Once the animal was areflexic, a laminectomy was made at the T~9~ vertebral level (Fig. [5](#Fig5){ref-type="fig"}a) using aseptic technique. The spinal cord was exposed and iridectomy scissors (Fine Science Tools; Foster City, CA) were used to cut the cord (T~10~ spinal level), followed by a probe scraping along the inner wall of the vertebral canal, to ensure a complete transection. Animals in the T~2~ transection injury group were anesthetized, and a laminectomy was performed at the T~2~ vertebral level (Fig. [5](#Fig5){ref-type="fig"}b). Once the spinal cord was exposed, the cord was cut using the same procedure as previously described.

Postoperative care {#Sec17}
------------------

Following all surgical procedures, the musculature and skin were sutured in anatomical layers. All animals received injections of Cefazolin (30 mg/kg in 0.03 cc SQ) administered twice daily as a prophylactic measure for surgical wound or urinary tract infections. Buprenorphine hydrochloride (Buprenex injectable; Ben Venue Laboratories Inc.; Bedford, OH; 0.1 mg/kg in 0.03 cc SQ) was administered twice daily for the first 48-h for pain management. Spinally injured animals had their bladders manually expressed three times a day for the duration of the study. All animals received additional hydration therapy in the form of lactated Ringer's solution injections (10 cc SQ), twice daily. All animals had *ad libitum* access to both food and water. Animals in the T~2~ spinal transection group experienced difficulties in feeding themselves, which necessitated enhanced nutritional support in the form of Ensure (Abbott Laboratories).

Tissue processing and gene expression techniques {#Sec18}
================================================

Tissue processing {#Sec19}
-----------------

Following assigned post-injury survival times, animals were euthanized with an IP injection of sodium pentobarbital (Fatal Plus, 150 mg/kg in 0.5 cc), decapitated, and both the mid-thoracic spinal cord (T~5~--T~8~) and cervical enlargement (C~5~--C~7~) promptly dissected out, embedded in O.C.T (Tissue-Tek^**®**^ embedding media; Sakura Finetek USA Inc., Torrance, CA) and rapidly frozen on dry ice. Tissue samples were stored and maintained at − 80 °C until processing. Tissue was sectioned at 20 μm thickness and using a cryostat and mounted on poly-ethylennaphtalae (PEN) foil slides (Leica, Wetzar; Germany). Tissue sections on PEN foil slides were maintained at − 20 °C during the sectioning, and then stored at − 80 °C until laser microdissection (LMD).

Laser microdissection {#Sec20}
---------------------

Laser microdissection of FG-labeled PS neurons was carried out within a window of 24 h post-sectioning to minimize RNA degradation. Once a slide was removed from − 80 °C, FG-filled neurons were dissected over a 10-min period as described previously \[[@CR17], [@CR18]\]. Briefly, slides were positioned on the stage of a Leica AS LMD microscope (Leica Microsystems; Bannockburn, IL). Using a fluorescent filter at 100 ×  magnification retrogradely labeled PS neurons were visualized and individually dissected free of the tissue by manually tracing a laser path around the margins of each neuron of interest. PS neurons were collected from the same region of spinal cord gray matter: intermediate gray matter (laminae V, VII and VIII) and around the central canal (lamina X) of mid-thoracic or cervical enlargement spinal segments. A minimum of 300 FG-labeled neurons were collected from each animal, for both thoracic and cervical levels, from both injured and uninjured control animals. This typically required collection from a total of 20--30 sections per animal.

RNA purification {#Sec21}
----------------

Laser-dissected neurons were collected directly into a nuclease-free PCR tube cap, containing 30 mL RLT lysis buffer (Qiagen; Valencia, CA) with freshly-added 1% 2-mercaptoethanol (Sigma Aldrich; St. Louis, MO). RNA was purified using the RNeasy Mini kit (Qiagen; Valencia, CA), eluted in 30 mL nuclease-free water and concentrated down to 10 mL by vacuum centrifugation. Total RNA concentration was determined by the RNA 6000 Pico RNA Assay (Agilent Technologies; Santa Clara, CA). Quality of the RNA extraction was determined utilizing a 2100 bioanalyzer (Agilent Technologies; Santa Clara, CA) which provided an RNA Integrity Number (RIN), and corresponding pseudo gel (Fig. [6](#Fig6){ref-type="fig"}). The average RIN for the RNA samples in this study was greater than 7.0.Fig. 6RNA Quality Pseudogel and R.I.N. Fluorogold retrograde labelled neurons were collected by laser capture microdissection, and processed to collect the RNA that was used to measure the changes in genetic expression. The quality of the RNA was assessed using the Qiagen 2100 bioanalyzer (Agilent Technologies; Santa Clara, CA) which provided both an RNA Integrity Number (RIN), and corresponding pseudo gel. L = Ladder, C = Control Animal, and I = Animal receiving spinal transection injury

Selection of genes for analysis {#Sec22}
-------------------------------

Based upon previous studies, 34 different genes were chosen (Table [1](#Tab1){ref-type="table"}) for quantification at 3 days post-injury for both the T~10~ and T~2~ transection groups. The genes chosen for analysis were found to be significantly up or downregulated 3 days post T~10~ transection in LDPT and TPS neurons following gene microarray, qRT PCR and/or PCR array analyses in our previous studies \[[@CR17], [@CR18]\].

QuantiGene^®^ Plex assay (Affymetrix) {#Sec23}
-------------------------------------

Expression levels for the specific genes of interest were obtained using a highly-sensitive Luminex bead-based assay (Quantigene^®^ Plex 2.0, Affymetrix), as per manufacturer's instructions (Affymetrix Technical Manual 16659, rev B). Briefly, purified RNA from each sample was hybridized to a mixture of magnetic multi-analyte profiling (xMAP) beads. During this hybridization process, specific mRNA transcripts were captured to their complementary magnetic bead. The double-stranded hybrids were detected and their signals amplified using a branched DNA methodology. The bead identity and signal intensity were read on a Bio-Plex 200 system (BioRad) and the resulting signals analyzed utilizing the Bio-Plex Manager 6.0 software. The limit of detection of each gene analyzed was determined by subtracting the average intensity of the negative control wells from each unknown sample. We subsequently normalized all of the target gene expression values to the internal reference gene Hypoxanthine guanine phosphoribosyltransferase (Hprt).

Data analysis {#Sec24}
-------------

Significant increases or decreases in expression were determined by comparing each of the injury groups to their respective uninjured controls. This gene panel was pre-selected from our prior work, and thus more likely to show changes in expression. Data were analyzed using a multifactorial 2-or-3-way Analysis of Variance (ANOVA) incorporating surgical treatment (transection or control), level (thoracic or cervical), and distance from lesion site (proximal or distal) as fixed categorical variables. We also tested if there were significant expression changes in any of the four specific groupings of genes hypothesized to be critically involved in the neuronal response to injury. These groups include genes associated with: regeneration and cell survival/neuroprotection, surface receptor and growth factors, apoptosis, and inflammation (see Table [1](#Tab1){ref-type="table"}).

The significance thresholds for the main effects and interactions between main effects were adjusted using a Benjamini--Hochberg False Discovery Rate (FDR) algorithm to account for multiple testing. When significant main effects or interactions were found, 2-tailed Student's t-tests were used as post-hoc contrasts to determine the specific conditions that displayed changes in expression. Because our specific genes of interest were chosen based on the findings in our previous published studies, and other work (as described in the Methods: Selection of Genes for analysis), the frequency of our observed changes do not follow any type of random normal distribution. In fact, we observed 82 nominally significant (*p* \< .05) and highly correlated test results out of 145 tests, indicating that more than 56% of the genes in our panel were possibly changed. With a preselected gene set, the expected changes show up at a high frequency. In this situation, a more acceptable *p* value (or q value when multiple testing is performed) could be the equivalent of a 1-tailed test rather than 2-tailed test. Utilization of a 0.1 FDR cutoff to determine significance in RNA expression studies, has ample precedent, and has been routinely used in analyses of this type \[[@CR62]--[@CR71]\]. This serves as the basis for our selection of an FDR or q value cutoff \< 0.10 in our study.

ANOVA

:   analysis of variance

C~3~

:   cervical spinal level 3

C~4~

:   cervical spinal level 4

CNS

:   central nervous system

CST

:   corticospinal tract

DRG

:   dorsal root ganglion

FDR

:   false discovery rate

FG

:   fluorogold

IP

:   intraperitoneal

LAPT

:   long ascending propriospinal tract

LDPT

:   long descending propriospinal tract

LPS

:   lipopolysaccharide

PEN

:   poly-ethylennaphtalae

PS

:   propriospinal neurons

RuST

:   rubrospinal tract

SCI

:   spinal cord injury

SQ

:   subcutaneous

T~2~

:   thoracic spinal level 2

T~10~

:   thoracic spinal level 10

TPS

:   short thoracic propriospinal neurons

TXN

:   spinal transection
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